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ABSTRACT
Mesenchymal stem cells (MSCs) are multipotent stem cells that can give rise to a range of connective tissue cells including osteoblasts, chondrocytes and adipocytes. MSCs have been isolated from humans and a variety of animal species including rodents, dogs, horses and rabbits. There is currently no consensus on how these cells are identified and characterized. This is partly due to the lack of standardized specific cell surface markers for MSCs. The aim of this review is to examine the literature on equine MSCs and establish whether there is a well-defined phenotype for these cells. Equine MSCs have been obtained from four main sources, bone marrow, adipose tissue, umbilical cord (blood and matrix) and peripheral blood. MSCs from these tissue sources have been shown to undergo chondrogenic, adipogenic and osteogenic differentiation. However the markers used to identify these cells vary significantly in the literature. Despite this, CD90 and CD34 seem to be reliable positive and negative markers respectively. Our understanding of the biology of equine MSCs will benefit from better reagents for their phenotypic characterization. The antibodies and molecular probes needed for the reliable identification of equine MSCs are not standardized and this is a high priority for future research.
INTRODUCTION
Mesenchymal stem cells have been isolated from a variety of species including, humans, rodents, dogs, horses and rabbits (1) . They are classed as multipotent cells since they have the potential to give rise to cells from multiple, but still limited number of lineages (2, 3) (see Figure 1 ). There is an ongoing debate regarding the use of the term 'mesenchymal stem cell' (4, 5) . It has been suggested that these cells should be referred to as 'mesenchymal stromal cells', because the word 'stem' may imply the cells have more functions (such as self-renewal and life-long cell division (6)) than they actually possess. However, this is likely to be addressed by the correct use of the terms pluripotent and multipotent. Also, according to the International Society for Cellular Therapy, cells can only be referred to as 'stem' cells if multipotency and longterm survival can be demonstrated in vivo (4) . One group even argues that the word 'mesenchymal' itself is ambiguous because the noun 'mesenchyme' refers to mesodermal-derived tissues, which includes blood and vascular systems as well as musculoskeletal and connective tissues (7) . The uncertainty surrounding the phenotype and origin of mesenchymal stem cells is clear throughout the literature; with some authors using different terms in the title and body of a paper (8) and others using both terms e.g. 'mesenchymal stem cells or mesenchymal stromal cells' in their publications (9) (10) (11) (12) . Although these can be used interchangeably, the term 'mesenchymal stem cell' is the most widely used and accepted. Therefore, the abbreviation 'MSC' will be used throughout this review.
Another aspect of MSCs that varies between research papers is their phenotypic characterization. In 2006, the International Society for Cellular Therapy published a Position Statement detailing the criteria that should be used to identify human mesenchymal stromal cells (5) . The cells must be plastic adherent, 95% or more should express the cell surface markers, CD73, CD90 and CD105, 2% or less should express CD45, CD34, CD11b, CD19 and HLA-DR and they must be multipotent, capable of undergoing adipogenic, chondrogenic and osteogenic differentiation (5) (see Figure 2 ). HLA-DR can be expressed by mesenchymal stromal cells but only if they have been stimulated by IFN-gamma (5) . A range of papers published between 2006 and 2010, covering a variety of species, were examined to see if these guidelines were followed, particularly in terms of the cell surface molecules expressed (see Table 1 ). Out of the 23 papers that were reviewed (10 of which focused on human cells), none of the authors tested for CD11b or CD19 expression. Eighteen papers including human, equine and canine focused studies, tested for CD90 expression, 13 looked for CD105 expression and only four research groups checked for CD73 expression (see Table 1 ). Interestingly, two of these four papers found canine MSCs to be CD73 negative (13, 14) . The first of these papers also found canine MSCs to be negative for CD105 expression (13) , whereas the second reported that the cells were negative for CD90 expression (14) .
The functions of the cell surface molecules detailed in these 23 papers are summarized in Table 2 . Although the International Society for Cellular Therapy advise testing for eight cell surface molecules (5), our review of a selection of papers published between 2006 and 2010 identified a total of 49 cell surface molecules, indicating that there is currently no consensus as to which cell surface markers should be tested for in any species.
There is one marker, STRO-1, that has been used in a number of studies to isolate a more homogeneous population of human skeletal stem cell progenitors from human bone marrow (15) (16) (17) (18) (19) .
The antibody STRO-1 received its name due to its ability to interact with stromal precursor cells (17) . It has since been shown that STRO-1 positive cells can differentiate down the three mesenchymal lineages (15, 18) ; leading one group to suggest that it could be a potential marker for MSCs (20) . STRO-1 binds to a trypsin-resistant cell-surface antigen which is present in only a subpopulation of cells within the bone marrow (6, 15, 16) ; in one study it was found that this antibody bound to 10 percent of bone marrow mononuclear cells (17) . It has recently been shown that STRO-1 positive cells are present in immature bovine cartilage and to a lesser extent mature bovine cartilage (20) . However, the majority of studies looking at STRO-1 expression have involved human cells to date. Out of the papers reviewed that were published between 2006 and 2010, only five tested MSCs for STRO-1 expression (see Table 1 ), all of which were human studies. Antibodies are a key limiting factor in the phenotypic identification of MSCs. For example, two groups researching ovine MSCs admit that they could only test for a limited number of cell surface molecules due to a lack of antibody cross-reactivity with ovine tissue (8, 11). Therefore, there may be a set of markers (including STRO-1) expressed by MSCs in a variety of species but due to the current lack of antigen cross-reactivity across species, consistent MSC cell surface markers have yet to be identified. This may also be why some groups solely rely on differentiation assays to confirm the presence of MSCs (21, 22) . Table 3 summarizes the main histological, extracellular matrix (ECM) and phenotypic markers of osteoblasts, chondrocytes and adipocytes differentiated from MSCs.
PROLIFERATION OF EQUINE MSC RESEARCH
Diseases of the musculoskeletal system such as osteoarthritis (OA) and tendinopathy are the major reasons behind early retirement and euthanasia of race, working and pleasure horses (23) . Spontaneous OA frequently occurs in both athletic and older horses (24). The most common causes of OA in younger horses are traumatic injury and concomitant synovitis (25) . There are some joints that are more likely to develop OA than others, in the horse it is the metacarpophalangeal joint followed by the carpal joints (25) . Equine joints are large, relatively easy to manipulate and the cartilage is similar in thickness and composition to human articular cartilage (4) . It is for these reasons that the horse is an established animal model for OA (4) . OA is the most common human arthritic disease (26, 27) and is progressive and degenerative (28-31). An alternative name for this disease is degenerative joint disease (28). Age, sex, obesity, genetics, trauma and overuse are all risk factors for OA (26, 27) . The main events associated with OA are, the degradation of cartilage, inflammation and the formation of osteophytes (27, 28, 32) . OA is a debilitating disease, with acute pain experienced in the early stages. In the later stages of the disease, this pain becomes more chronic and is an indication in human patients that the joint will need replacing (27). Current treatments for OA are only able to reduce pain and inflammation, not stop the progression of the disease (27). Autologous chondrocyte implantation (ACI) is a relatively successful treatment for small cartilage lesions but it is not suitable for larger areas of damage (30) . The situation is similar for the degeneration of the intervertebral disc (IVD), which is a leading cause of lower back pain in humans (33). Patients with IVD degeneration experience pain and limited mobility and like with OA, current treatments only relieve symptoms unless invasive surgery is opted for (33). Both OA and IVD degeneration could potentially benefit from MSC therapy because these cells could be used to generate tissues in vitro that can be transplanted into the patient. In addition, a greater understanding of MSC biology may highlight other factors that can be used in the treatment of OA, for example, it has recently been shown that curcumin can protect MSCs from the negative effects of pro-inflammatory cytokines (31). Therefore, curcumin could potentially aid the formation of in vitro cartilage and also be an early treatment option for 
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HLA-DR Human Leukocyte Antigen-DR is a specific part of the MHC class II locus. The DR section has one DRA gene and nine DRB genes (A codes for alpha and B for beta) (113) .
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OA (31). In another study, a combination treatment of curcumin and resveratrol were found to protect human articular chondrocytes from the cytotoxic effects of interleukin (IL) 1 beta, which is a major pro-inflammatory cytokine involved in cartilage degradation in OA (34). MSCs are also being studied as potential therapeutic treatments for rheumatoid arthritis (RA) (35). A recent study has shown that human umbilical cord derived MSCs inhibited the proliferation of fibroblast-like synoviocytes stimulated by tumor necrosis factor alpha (TNF-alpha), which is a major pro-inflammatory cytokine in RA (35). These MSCs were also shown to downregulate the proliferation of T lymphocytes from RA patients (35). In addition, this group demonstrated that umbilical cord F a t t y A c i d B i n d i n g P r o t e i n 4 ( F A B P 4 ) (13) Osteopontin (OPN) (13) Lipoprotein Lipase (LPL) (11, 13) Bone Sialoprotein (BSP) (13) Vitamin D receptor (VDR) (14) Other Markers Homeobox gene MSX2 (14) L e p t i n ( 1 1 , 1 3 ) derived MSCs can induce regulatory T cell expression (35). All these factors combined suggest that these cells have the potential to be a successful therapeutic treatment for RA (35).
In terms of tendinopathy, some equine tendons have a higher incidence of injury than others, with most occurring in the tendons of the forelimb (36). Of these forelimb injuries, the most commonly injured tendon is the superficial digital flexor tendon (SDFT) (36). Tendons take a long time to heal and as scar tissue forms during this healing process, they never function as well as native tendons (37, 38) . Horses continually use their tendons to their functional limit and as they get older, their tendons start to degenerate, so it is not surprising that these tissues often fail (3, 37, 38) .
Despite the limited understanding of MSCs and their basic cell biology, various groups have already moved on to study their potential for regenerative medicine in small number of clinical cases. Successful regenerative medicine requires cell biologists, tissue engineers and surgeons to collaborate and work together to repair and regenerate damaged or diseased tissues and organs (39, 40) . This field is being studied globally and in a variety of animal models, including rats, hens, dogs, pigs and rabbits (41) . One review details several studies in the application of canine MSCs for bone regeneration (42) . Another research group propose that one-step surgical procedures will eventually be achievable (40) . This would involve a tissue engineer isolating MSCs from adipose tissue and seeding them onto a graft whilst the surgeon continues to operate on the patient (40) . Once the graft is ready the surgeon can implant it into the patient all in the same operation (40) . According to the authors, this whole process would only take a maximum of two and a half hours (40) . The support for the use of MSCs in regenerative medicine is strong and they are already being used in equine medicine (38) . One study assessed different treatments for collagenase-induced tendonitis in six stallion Standard bred horses (43) . Each treatment, bone marrow MSCs, bone marrow mononuclear cells, fibrin or saline, were directly injected into the tendon lesion (43) . The authors used histology to show that both cellular treatments restored the tendon to a state comparable with an uninjured tendon (43) . However the authors do acknowledge that only a small sample of horses were studied and that the tendonitis was an experimental model (43) . In another study, bone marrow derived MSCs were isolated and implanted into the injured SDFT of an 11 year old pony (44) . The results of this study were promising as no lameness was observed after the implantation of the cells (44) , although the result may have been completely different in another horse. A more recent study compared the effects of injecting equine embryonic stem cells (ESCs) and equine bone marrow derived MSCs into SDFT lesions (45) . Three lesions were created in each tendon in eight thoroughbred geldings (45) . Serum was injected into lesion one, MSCs into lesion two and ESCs into lesion three (45) . After a period of 90 days, the ESCs were detected in all three lesions, despite the cell numbers remaining relatively constant (45) . The authors claim that MSCs were only found in the second lesions after 90 days (45) . Also, the survival of MSCs had decreased to only 0.2% during this time (45) . There is some debate about the fate of these cells and the authors state that it is impossible to determine this without a reliable tenocyte marker (45) . In spite of all this, in the UK, Europe and Australia there is a standard procedure that is followed to treat tendon injuries involving bone marrow derived MSCs (38) . Considering the variation in research, it could be argued that already having a treatment program set up for equine tendon lesions using MSCs is premature and potentially dangerous as it can be difficult to maintain the chondrogenic phenotype of MSCs in vitro (28). Another problem associated with in vitro chondrogenic differentiation of MSCs is premature hypertrophic terminal differentiation (26) . This results in cartilage similar to that of the growth plate, not articular cartilage (26) . Research has also been carried out to determine the effects of MSC treatment on cartilage lesions in equine femoropatellar joints (46) . Transplants consisting of bone marrow derived MSCs and fibrinogen and fibrinogen alone were compared (46) . The transplants were observed after 30 days and eight months (46) . The lesions treated with MSCs appeared to heal better because more new, homogeneous cartilage-like tissue had filled them compared to the lesions treated with fibrinogen alone (46) . Staining for proteoglycans was more intense in the MSC transplants compared to the fibrinogen transplants after 30 days (46) . However, the authors do acknowledge that the results for type II collagen content varied between horses (46). Interestingly, this study showed that the differences between treatment groups were no longer present at eight months (46) . This implies that MSCs have no significant impact on the treatment of large articular cartilage defects in the long-term (46) . The variation between horses in terms of type II collagen content was still present at eight months (46) . Equine MSCs have been obtained from four main sources, bone marrow, adipose tissue, umbilical cord (blood and matrix) and peripheral blood, with bone marrow and adipose tissue being the most frequently used. Some sources are favored over others for a variety of (mainly clinical) reasons. Bone marrow aspiration can be painful and it is quite an invasive procedure (47, 48) ; there is also the rare but potentially severe risk of pneumopericardium (air in the pericardial space) (49) . In addition, some researchers claim that the yield of MSCs in bone marrow decreases with age (50, 51). There is strong support for adipose tissue as an alternative source of MSCs because it can be obtained in large quantities (50, 52, 53) using a less painful procedure (53) . There is also lower donor site morbidity associated with adipose tissue harvest compared to bone marrow aspiration (54) . Umbilical cord blood is another potential source of MSCs, which is favorable because the invasive and potentially damaging processes of bone marrow and adipose tissue harvest can be avoided (50, 51, 55) . It is with the clinical applications of MSCs in mind that some researchers are comparing these cells isolated from different sources (see section 5.2).
EQUINE BONE MARROW DERIVED MSCS
Bone marrow has been aspirated from a variety of sources including the sternum, iliac crest, sternebrae, tuber coxae and tibia. The ages of the animals used in these studies has also varied with the youngest being three days old (23) and the eldest being 15 years old (56) . There are two main types of study in this area of research; those that aim to isolate and characterize MSCs and those that intend to identify the factors that affect them.
Characterization of bone marrow derived MSCs
Fortier et al (1998) isolated equine MSCs from bone marrow (from the sternebrae) and showed that these cells can undergo chondrogenic differentiation (57). They used toluidine blue and the spectrophotometric version of the dimethylmethylene blue (DMMB) dye-binding assay to determine the proteoglycan content and showed that the proteoglycan concentration in the media increased from day two to day eight. This suggests that the MSCs had adopted the chondrogenic phenotype and were still producing matrix at eight days (57) . The osteogenic and adipogenic capabilities of equine bone marrow derived MSCs has also been studied (58) . Osteogenesis and adipogenesis were successfully induced in these cells through culture with osteogenic induction medium containing, beta-glycerophosphate, dexamethasone and sodium 2-phosphate ascorbate and adipogenic induction medium, consisting of biotin, pantothenate, insulin, dexamethasone, isobutylmethylxanthine, rosiglitazone and rabbit serum. Both types of differentiation became more extensive over time; results from 5 day osteogenic induction and 10 day adipogenic induction are shown (58) . In addition, co-culture of equine bone marrow derived MSCs and equine articular chondrocytes has been examined (59). This group found that chondrogenesis was enhanced, in terms of proteoglycan synthesis and expression of collagen type II and Sox9 (chondrogenic specific genes), in the co-cultured pellets compared to pellets containing either MSCs or articular chondrocytes alone (59) . Sox proteins are transcription factors and are part of the high mobility group (HMG) superfamily (60, 61) . They are involved in a variety of processes including hair follicle, gut and muscle development (60) . There are three main Sox proteins involved in chondrogenesis, which are collectively known as the SoxTrio (61). Sox9 is the major regulator of chondrocyte development and Sox5 and Sox6 (the other proteins in the trio) influence chondrogenesis through Sox9 (61) . The exact mechanism how they do this is currently not fully understood (61) . A similar co-culture study has been performed with canine bone marrow MSCs and canine primary osteoblasts (62) . They demonstrated that MSCs, when in high-density culture, require osteogenic induction medium or co-culture with primary osteoblasts to undergo osteogenic differentiation (62) . When neither were present the MSCs underwent apoptosis and secondary necrosis (62) .
Equine bone marrow derived cells have been shown to express CD90, fibronectin, perlecan and collagen type IV (23) .
CD90, also called Thy-1, is a glycosylphosphatidylinositol (GPI)-anchored glycoprotein on the external leaflet of the phospholipid bilayer (63) . It is expressed on numerous cell types and has varying functions ranging from promoting neurite outgrowth to regulating apoptosis (63) (see Table 2 ). High levels of beta 1 integrin expression were also observed, which could suggest that MSCs use beta 1 integrins to adhere to the extracellular matrix (23) . Beta 1 integrin expression has also been found in canine bone marrow derived MSCs (64) . The authors of the equine paper (23) also claim that cryopreservation had no negative impact on the cells; this is demonstrated to a certain extent as the thawed cells were shown to proliferate and differentiate (23) . However, the authors' claim would be strengthened if the results presented included data from fresh, non-cryopreserved cells (23).
Factors affecting bone marrow derived MSC differentiation
Research into the biology of equine bone marrow derived MSCs has focused on the effects of various factors on their differentiation. Such factors include, transforming growth factor beta 1 (TGF beta 1) and insulin-like growth factor 1 (IGF-1) (56), hyaluronic acid and synovial fluid (65), fibroblast growth factor 2 (FGF-2) (66), dexamethasone (67), bone morphogenetic protein-12 (BMP-12) (37, 68) and BMP-2, BMP-7 and BMP-2/7 (69). TGF beta describes a family of cytokines, which are essential for survival and have a range of functions (70, 71) . These molecules have roles in inflammation and repair, embryonic and adult growth and development and immune response regulation (70, 72) . There are five isoforms of TGF beta; TGF beta 1 was the first isoform to be purified (72) . BMPs are also part of the TGF beta superfamily and were first detected in bone (73) . Although they were initially thought to only be involved in ectopic bone formation, it is now known that these proteins have roles in a variety of processes including skeletal repair and regeneration and ligament, tendon and neuron development (73) . FGF, also called basic fibroblast growth factor is mainly produced by stromal fibroblasts (74) . FGF-2 is involved in wound healing, tissue repair and hematopoiesis (74) .
The effect of TGF beta 1 and IGF-1 on chondrogenic differentiation of equine bone marrow derived MSCs has been studied (56) . It was found that culturing the cells with TGF beta 1 in monolayer followed by culturing them with IGF-1 in a 3D environment enhanced chondrogenic differentiation (56) . IGF-1 alone also induced chondrogenesis but not as much as when the cells were treated with both TGF beta 1 and IGF-1 (56) . In addition, the effects of hyaluronic acid and autologous synovial fluid on equine bone marrow derived MSCs have been studied (65) . It was hypothesized that hyaluronic acid alone and in combination with TGF beta 1 and autologous synovial fluid would all induce chondrogenic differentiation in these cells (65) . Two types of hyaluronic acid were used, Hylartil and Ostenil, both of which induced chondrogenesis in high density micromass culture (65) . TGF beta 1 and autologous synovial fluid also stimulated chondrogenic differentiation under the same conditions (65) . In fact the most effective induction factor was TGF beta 1, which might be expected as it is expressed in high levels in embryonic cartilage (65) .
The effect of FGF-2 on bone marrow derived MSCs cultured in monolayer has also been studied (66) . The hypothesis was that treating the cells with FGF-2 in monolayer would enhance their proliferation as well as their ability to undergo chondrogenic differentiation when in 3D culture (66) . The limited data provided did show that FGF-2 enhanced chondrogenesis (MSC pellets increased in size following the addition of FGF-2) (66). According to the authors, addition of FGF-2 had no effect on MSC proliferation (66) . This research group did another study in 2008, this time looking at the effect of dexamethasone on the chondrogenesis of equine bone marrow derived MSCs (67) . They found that 10 -7 M dexamethasone significantly increased the alkaline phosphatase (ALP) activity and expression, indicating a high level of chondrogenesis (67) . This group also hypothesized that addition of FGF-2 and dexamethasone would increase MSC proliferation and chondrogenic differentiation but the endochondral phenotype would not be induced (67) . This hypothesis was found to be incorrect as pellets treated with FGF-2 and dexamethasone expressed ALP at significantly higher levels compared to controls which would suggest that these cells are differentiating into hypertrophic chondrocytes rather than articular chondrocytes (67) .
More recently, a study comparing three different isolation protocols for equine bone marrow derived MSCs has been carried out (49) . The first method, termed the classic protocol, involved isolation by plastic adherence (49) . The other two methods were both density gradient techniques, Percoll and Ficoll (49) . This group found that the greatest MSC yield was obtained using the classic protocol (49) . The Percoll method generated significantly more colony forming units than the classic protocol, whereas the results for the Ficoll method were only slightly lower than the Percoll method (49) . Osteogenic and chondrogenic differentiation were unaffected by the isolation procedure (49) . The authors had difficulties inducing adipogenesis and did not have enough samples to perform statistical analysis for this lineage (49).
BMPs and their affects on bone marrow derived MSCs
It has been shown that equine bone marrow derived MSCs can be induced to undergo tenogenic differentiation when cultured with BMP-12 (37) . This group assessed the gene expression of tenomodulin to confirm tenogenic differentiation (37) . Tenomodulin is a transmembrane protein that is expressed in a variety of connective tissues including tendons, ligaments and the cornea (75).
However it has been suggested that tenomodulin expression is only exclusively detected in tenocytes in vitro (75), which implies that tenomodulin could be used as a tenocyte specific marker. Another research group have shown that mice lacking tenomodulin have fewer proliferating tenocytes than mice still expressing tenomodulin (76) . Scleraxis has also been recommended as tenocyte marker, but only for in vivo studies (75). Tenocytes are still relatively poorly characterized (77) and this may be because their distinguishing morphological features present in vivo are often lost during in vitro culture (i.e. they become more fibroblastic in vitro) (75).
Equine bone marrow derived MSCs have also been shown to express the embryonic stem cell markers Oct4, Sox2 and Nanog and lack expression of CD34 (37) . Lack of expression of CD34 and CD45 has also been shown in canine bone marrow derived MSCs (13, 31, 64, 78, 79) . Both CD34 and CD45 are markers for hematopoietic stem cells (80) . CD45 is a tyrosine phosphatase (81); whereas the precise function of CD34 is still unclear (82) (see Table 2 ). As well as tenogenic differentiation these cells were also capable of osteogenic differentiation (37) . Similarly, it was established that equine bone marrow derived MSCs and superficial digital flexor tenocytes (SDFTNs) are capable of differentiating into tenocytes in the presence of BMP-12 (68) . They also studied whether BMP-12 induced osteogenic differentiation and found that it did not (68) . BMP-2 however, did stimulate osteogenic differentiation (68) . The cells in this study were only observed for six days and the authors acknowledge that doing a longer study would be beneficial (68) . It would also be useful to assess BMP-12's apparent inability to induce osteogenesis in vivo (68) .
A study by Carpenter and co-workers (69) has compared osteogenic differentiation of human and equine bone marrow derived MSCs when cultured with genetically modified homo-and heterodimers of BMPs, with or without dexamethasone (69) . In particular they studied BMP-2 and BMP-7 homodimers and a BMP-2/7 heterodimer (69). It was found that BMP-2 treatment gave the biggest increase in ALP production in both cell types (69) . They also discovered that dexamethasone had to be present in the culture medium for the equine cells to differentiate, whereas the human cells still underwent osteogenesis without it (69) . This may suggest that MSCs require different environmental signals for differentiation depending on their species.
EQUINE ADIPOSE TISSUE DERIVED MSCS
Most of the research on equine adipose tissue derived MSCs has involved comparing them with bone marrow derived MSCs (54, 83, 84) . There are a couple of studies where the aims were to further characterize the cells (52, 85). In addition, one study assessed the effect of platelet lysate on adipose tissue derived MSCs but no data or figures were provided to support the conclusions drawn (86).
Characterization of adipose tissue derived MSCs
A study aiming to isolate and phenotypically characterize adipose tissue derived MSCs has found that these cells express CD90 and CD44 but lacked expression of CD13 (52). CD44 expression did vary greatly (45.23% ± 40.01) (52). Canine adipose tissue derived MSCs have been shown to express CD44, CD29 and CD90 but lacked expression of CD13, CD34, CD73, CD105 and CD117 (13) . The functions of these CD molecules are summarized in Table 2 .
Work by da Silva Meirelles and colleagues (85) has shown that adipose tissue derived MSCs have the ability to undergo chondrogenic and adipogenic differentiation (85) . However, the authors did not present any evidence for osteogenic differentiation because cell detachment occurred before the first assay could be completed (85) . The main focus of this study was to assess the correlation between MSC frequency and adipose tissue vascularity. The results suggest that there is a relationship between the two factors, however only two horses were used and the authors also acknowledge that the precise location of MSCs in vivo remains poorly understood (85). This is not just an equine specific issue; the in vivo location of adult stem cell progenitors is poorly understood in all species. There are some groups who believe that there is a close relationship between MSCs and pericytes and even suggest that these cells should be renamed as perivascular stem cells (87) . One author has suggested that all MSCs are in fact pericytes (88) . Pericytes are present in the microvessels within connective tissues (89) and are CD146 positive and CD34, CD45 and CD56 negative (88, 90) . It has been shown that stromal vascular fraction taken from human white adipose tissue contained pericytes that expressed CD44, CD73, CD90 and CD105 (90) , which are all cell surface markers associated with MSCs. The same research group also demonstrated that pericytes isolated from human skeletal muscle expressed these markers (90) . The authors claim that the same results were seen in pericytes isolated from a variety of other human tissues including the pancreas, placenta and bone marrow; however the results for these tissues are not included in the paper (90) . In addition, cultured pericytes have been shown to undergo chondrogenic, adipogenic and osteogenic differentiation (90) , which further supports the idea that MSCs and pericytes are equivalent (89) or that MSCs have developed from pericytes (90).
Comparison of adipose tissue derived MSCs with bone marrow derived MSCs
Chondrogenesis of adipose tissue derived MSCs and bone marrow derived MSCs in agarose and selfassembling peptide hydrogel cultures have been compared (54) . Chondrogenesis occurs during embryogenesis and results in the formation cartilage which later undergoes endochondral ossification to form bone (28, [91] [92] [93] [94] [95] . There are several stages to chondrogenesis, the first of which is the proliferation and condensation of MSCs (28, [91] [92] [93] 95) . This is followed by the proliferation and eventual terminal differentiation of chondroprogenitors (92) . These terminally differentiated chondrocytes secrete extracellular matrix typically associated with hyaline cartilage (93) . Different results were seen when the cells were cultured on the different hydrogels (54) . TGF beta 1 enhanced chondrogenesis in the bone marrow derived MSCs on the agarose hydrogel but not in the adipose tissue derived MSCs (54) .
They also discovered differences in proteoglycan synthesis on the agarose hydrogel (54) . Bone marrow derived MSCs synthesize aggrecan and decorin whereas adipose tissue derived MSCs synthesize a wide range of proteoglycans in terms of size and they produce smaller or degraded proteoglycans (54) . On the selfassembling peptide hydrogel, TGF beta 1 was found to increase proteoglycan synthesis, total protein content and glycosaminoglycan accumulation in both bone marrow derived MSCs and adipose tissue derived MSCs (54). Aggrecan expression was also observed in both cell types on this hydrogel (54) . These results suggest that the type of gel cells are cultured in influences their differentiation (54) . Another study comparing chondrogenic differentiation in equine adipose tissue derived MSCs and bone marrow derived MSCs was carried out by Vidal et al in 2008 (83) . They found that after being incubated with chondrogenic medium and the growth factors TGF beta 3 and BMP-6 for 14 days, bone marrow derived MSCs formed hyaline cartilage whereas the adipose tissue derived MSCs still had a more fibroblast-like morphology (83) . This group showed that chondrogenesis was more advanced in the bone marrow derived MSCs; however the authors do acknowledge that the differences seen between the two cell types may be due to the fact that the bone marrow and adipose tissue were taken from different horses (83) .
The effects of donor, amount of tissue, source and basic fibroblast growth factor (bFGF) supplementation on equine MSCs were evaluated in one study (84) , which compared the proliferation abilities of equine bone marrow derived MSCs and adipose tissue derived MSCs cultured with or without bFGF (84) . The presence of bFGF has previously been shown to increase the proliferation of human bone marrow derived MSCs (96) (97) (98) . Adding bFGF to adipose tissue derived MSCs caused a change in morphology; they became more spindle-shaped (84) . Morphological and histological data is not given for the bone marrow derived MSCs.
Adipose tissue derived MSCs had greater (not statistically significant) proliferative ability than bone marrow derived MSCs and the difference between the two cell types increased with the addition of bFGF (84) . Addition of bFGF also enhanced osteogenic differentiation in both cell types (84) . Based on these results adipose tissue derived MSCs may be more competent than bone marrow derived MSCs in terms of proliferative ability and they are more responsive to bFGF (84) .
Equine adipose tissue derived MSCs can differentiate down the osteogenic, chondrogenic and adipogenic pathways. Similar observations have been made with canine adipose tissue derived MSCs with the exception that myogenic differentiation has also been observed and induced in these cells (13).
EQUINE UMBILICAL CORD BLOOD AND MATRIX DERIVED MSCS
In 2007, Koch et al tried to isolate MSCs from equine umbilical cord blood (51). They successfully isolated these cells but only at a rate of 57% (51). During this study, they demonstrated that the cells they isolated could differentiate down the three mesenchymal lineages (51). This low success rate prompted the same group to do further research into equine umbilical cord blood derived MSCs, aiming to improve the protocol for isolating them (99).
Three cell separation methods were tested, PrepaCyte-EQ medium (PEQ), Ficoll-Paque PREMIUM medium loaded with undiluted whole blood (FUD) and Ficoll-Paque PREMIUM medium loaded with diluted whole blood (FD) (99). Two types of FBS were also tested, regular and MSC qualified (99). They report that 100% MSC isolation was achieved with the PEQ method, whereas only 60% and 20% was achieved with FUD and FD respectively (99). All umbilical cord blood derived MSCs underwent osteogenesis and adipogenesis regardless of the separation method and FBS used (99). However, only one cell line differentiated down the chondrogenic lineage (99).
Umbilical cord matrix derived MSCs have been found to express Oct4, which is a key transcription factor involved in maintaining the pluripotency of embryonic stem cells (55) . Expression of SSEA-4 and c-Kit, which are also markers of embryonic cells, have been reported in the same study (55) .
Another characteristic of undifferentiated cells is high levels of cytoplasmic ALP and this was seen in the cells observed in this study (55) . Umbilical cord matrix derived MSCs were also shown to weakly express SSEA-3 and TRA-1-60 (55) . As well as the embryonic stem cell markers, these cells express some cell surface markers usually associated with adult stem cells (including CD54, CD90, CD105 and CD146) (55) but they did not express CD34, CD45 or CD133 (55) . The authors also showed that these cells are capable of differentiating into adipocytes, chondrocytes, osteocytes and neuronal-like cells (55) . Neural markers have also been found on canine bone marrow derived MSCs (78) . It could be argued however that as these cells expressed several embryonic stem cell markers and had the potential to differentiate into four different cell types, they could possess a more primitive phenotype.
Similarly, another research group also found that umbilical cord blood derived MSCs express Oct4 (more than 90%) (100). They also showed that these MSCs are capable of differentiating into chondrocytes and osteocytes and discovered that umbilical cord blood derived MSCs and adult horse bone marrow derived MSCs could not undergo adipogenic differentiation (100). In addition, it was found that umbilical cord blood derived MSCs have the ability to differentiate into hepatocytes, which are part of the endodermal lineage (100). This could suggest that umbilical cord blood derived MSCs are more plastic than MSCs from other sources in the horse (100). However, like the previous paper, it could be argued that the cells being studied in this research are not technically MSCs but something more primitive. Another study has shown that umbilical cord blood derived MSCs are able to differentiate into adipocytes, although the extent of this differentiation was much less than the osteogenic and chondrogenic differentiation that was observed (101) . The authors suggest that this may be because fetal bone marrow lacks adipocytes but such cells are present in adult bone marrow and adipose tissue (101) . The main aim of this study was to optimize the isolation and culture of equine umbilical cord blood derived MSCs (101) . The authors claim that hypoxic conditions increased the rate of umbilical cord blood derived MSC expansion but the mechanism by which it does this is poorly understood and the result seen in this study may simply be due to a decrease in lymphocyte survival (101). In comparison, the level of chondrogenic differentiation rat bone marrow derived MSCs are capable of can be enhanced by culturing these cells in normoxic conditions for 14 days followed by hypoxic conditions for seven days (102).
EQUINE PERIPHERAL BLOOD DERIVED MSCS
Out of the four sources of equine MSCs, peripheral blood has been the least researched. Equine peripheral blood derived MSCs have been compared with bone marrow derived MSCs (47) . The authors found it difficult to isolate peripheral blood derived MSCs, reporting a success rate of only 36.4% (47) . They also found these cells to be very sensitive to trypsinization (47) . In addition to this, 50% of cryopreserved peripheral blood derived MSCs were lost after thawing (47) . The authors do acknowledge that the cellular degeneration observed may be due to the fact that the cells were cultured for two weeks without any media change (47) . In terms of differentiation, the authors demonstrated that equine peripheral blood derived MSCs could differentiate into osteocytes (47) . However, only weak adipogenesis and no chondrogenesis were observed (47) . The weak adipogenic differentiation could have been caused by sensitivity to the adipogenic induction medium (47) . Bone marrow derived MSCs on the other hand were much easier to isolate and culture and had the ability to differentiate down all three mesenchymal lineages (47) . From these results, the authors of this paper draw the conclusion that equine bone marrow derived MSCs are the best option for tissue engineering (47) .
In the previous study mentioned, the culture conditions used were based on a method for culturing human MSCs (47) . This prompted another research group to complete a study aiming to optimize the culture conditions for equine peripheral blood derived MSCs, which would hopefully help to clarify the differentiation abilities of these cells (48) . Unlike the first study, these investigators changed the culture medium for the first time after 10 days and they achieved an isolation success rate of 66.7%, which was much higher than in the earlier paper (48) . The authors showed that equine peripheral blood derived MSCs do have the ability to undergo adipogenic differentiation; however their adipogenic induction medium contained 5% rabbit serum (48) . Rabbit serum has a high concentration of free fatty acids (linoleic and palmitic fatty acids) and it is these which are thought to induce adipogenesis (48) . Both osteogenic and chondrogenic differentiation were also observed in these cells (48) . In fact, TGF beta 3 was found to enhance chondrogenesis in both peripheral blood derived MSCs and bone marrow derived MSCs and was more effective at doing so than TGF beta 1 (48) . Therefore, like the MSCs from equine bone marrow, adipose tissue and umbilical cord (blood and matrix), peripheral blood derived MSCs do have the potential to differentiate down the three mesenchymal lineages but the culture conditions have to be optimized (48).
SUMMARY AND CONCLUSIONS
There is an ongoing debate regarding the nomenclature of MSCs, which is partly due to the fact that there is currently no consensus for identifying and characterizing these cells. In terms of cell surface markers, a total of 49 cell surface markers (see Table 1 ) were tested for in the studies reviewed in this paper. The aim of this review was to look at the literature on equine MSCs and determine whether these cells have a well-defined phenotype.
MSCs are increasingly being studied due to their potential applications in regenerative medicine. OA and IVD degeneration are both debilitating diseases where current treatments only alleviate symptoms unless invasive surgery is opted for (27, 33). Horses can also develop OA and because their joints are large and their articular cartilage is similar in composition to human articular cartilage, they are a good animal model for OA (4) . Despite the lack of understanding of basic MSC biology, in terms of cell surface markers, in vivo location and in vivo survival after transplantation, these cells are already being used to treat equine tendon injuries (38) .
Equine MSCs have been isolated from four different sources, bone marrow, adipose tissue, umbilical cord (blood and matrix) and peripheral blood. Bone marrow and adipose tissue derived MSCs have been shown to be able to undergo adipogenesis and chondrogenesis (57) . Osteogenesis has also been shown with both cell sources although some difficulties, such as cell detachment during culture, were found with the adipose tissue derived MSCs (85) . Umbilical cord blood and matrix derived MSCs can also differentiate down the three mesenchymal lineages, although the results for chondrogenesis and adipogenesis have varied (99). Additionally, umbilical cord matrix derived MSCs have been shown to differentiate into neuronal-like cells (55) and umbilical cord blood derived MSCs into hepatocytes (100). Therefore it could be argued that this clearly demonstrates the pluripotency of these cells and the word 'stem' in 'mesenchymal stem cell' is perfectly justified. However, as hepatocytes are part of the endodermal lineage it could also be argued that the adjective 'mesenchymal' is no longer appropriate. Peripheral blood derived MSCs are the least studied out of the four. One paper confirms that these cells can differentiate down all three mesenchymal lineages but the culture conditions have to be modified for the cell source (48) .
This review also highlights the diversity of equine MSC research, as a great variety of factors have been tested in terms of their effect on MSCs, including numerous growth factors and bone morphogenetic proteins. However, there is one growth factor (TGF beta 1) that has been assessed on three of the cell types mentioned in this review (bone marrow derived MSCs (56), adipose tissue derived MSCs (54) and peripheral blood derived MSCs (48)). All of these papers show that TGF beta 1 enhances chondrogenesis, although one group found that TGF beta 3 was more effective at inducing chondrogenesis in both bone marrow derived MSCs and peripheral blood derived MSCs (48) .
The field of equine MSCs is still in its infancy and is an exciting area of research where much still needs to be done. A major priority is to identify reliable cell surface markers for these cells. This could potentially make MSC isolation more straight forward for both researchers and those involved in generating MSC preparations for application in regenerative medicine, therefore decreasing the bench to bedside time. Equine MSCs may express the same repertoire of markers recommended by the International Society for Cellular Therapy for human MSCs, but due to lack of antigen crossreactivity across different species, the same guidelines are currently not applied to equine MSCs.
In conclusion, many research groups have shown that equine MSCs can differentiate into osteocytes, chondrocytes and adipocytes regardless of their tissue of origin and CD90 and CD34 are emerging as potential positive and negative cell surface markers respectively for these cells. We now need to move forward with a much more detailed investigation of the functional phenotype of these cells. Much research into the basic biology of these cells still needs to be done, with the most pressing concern being the standardization of the isolation and phenotypic characterization of these cells. 
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